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The improvement of the mechanical properties of supramolecular polymer networks is 
currently receiving significant interest both within academic and industrial circles in order to 
enable the application of these desirable stimuli-responsive materials in real world situations. 
In this study, structural units within phase separated supramolecular polyurethane (SPU) 
networks have been changed to assess the role of the hard segment composition on the 
mechanical characteristics of the resultant materials. Notably, increasing the degrees of 
conformational freedom within the hard segment component of a SPU was found to improve 
the phase separation and as a consequence also increase the storage modulus of the polymer 
network. Specifically, replacing 4,4′-methylene diphenyl diisocyanate with 4,4’-dibenzyl 
diisocyanate within a SPU improved the packing efficiency of the isocyanate derived hard 
segments and improved the physical properties of the supramolecular polymer network. This 
study utilised a combination of SAXS, WAXS and AFM analysis to assess the degree of 
crystallinity within the hard segment component of the polymer network whilst rheological 
analysis was used to establish the mechanical characteristics of the polymers. 
 
Introduction 
First disclosed over 80 years ago,1 polyurethanes (PUs) are now a widely utilised class of 
materials which have traditionally been accessed via reaction of polyols with polyisocyanates2–
5 to yield a versatile and diverse range of materials. As a result of their facile synthesis and 
attractive physical properties, PUs have found use as thermoplastic, thermosetting and 
elastomeric materials6 in applications including adhesives, protective coatings, foams, fibers, 
elastomers and medicine.7–10 Numerous polyols have been harnessed as building blocks, 
however, from the range of commercially available isocyanates, methylene diphenyl 
diisocyanate (MDI) has found the most extensive use on account of its attractive chemistries 
and relatively low toxicity.11,12   
A recent development in PU chemistries has been the investigation of supramolecular 
polyurethane (SPU) networks13–18 which are able to self-assemble through weak non-covalent 
interactions.19–27 These materials are attractive on account of their thermo-reversible 
characteristics.28–32 Gooch and co-workers have reported33 SPU-based elastomers which 
assemble through triple hydrogen bonding interactions and provide access to different degrees 
of crystallinity. By altering the feed ratio of the hetero-complementary polymers the 
mechanical properties were also enhanced. Gao et al. have described34 the synthesis and 
properties of PU ‘cationomers’ with an imidazolium-diol based chain extender which 
demonstrated a modulus of approximately 180 MPa as a result of enhanced immiscibility 
between the hard and soft segments. Burattini and co-workers have studied35 the intramolecular 
interactions between chain-folding polyimide and telechelic polyurethane featuring 
electronically complementary pyrenyl end groups. The supramolecular blend formed by a 
combination of hydrogen bonding and π-π stacking interactions produced a healable material 
with a tensile modulus of 0.3 MPa and a modulus of toughness of 510 MPa. More recently, 
Feula et al.36 have developed a well-defined hydrogen bonded SPU with a low dissociation 
temperature which permits healing at physiological temperatures. The biocompatible synthetic 
skin was able to fully recover its mechanical performance after healing for 1 hour at 37 °C.  
It has been reported15 that the mechanical properties of chain extended PUs are influenced by 
the chemistries of the polymer which control the phase separation between rigid hard and 
flexible soft segments of the polymer architecture. Furthermore, the improvement in 
mechanical properties37 and resulting surface hydrophobicity38 have been attributed to phase 
separation in the polymer matrix. For example, Yilgör and co-workers have investigated the 
local packing of the urea moieties in segmented PUs in order to obtain high degrees of 
microphase separation.13,14,39–41 Furthermore, phase separation can be promoted by using an 
apolar soft segment with low surface energies such as polydimethylsiloxane (PDMS).42–44 
Incorporation of a range of hard segments as chain extenders has also led to the generation of 
tuneable thermo-reversible materials.28,29,45 Prisacariu and co-workers have reported46 recently 
the use of 4,4’-dibenzyl diisocyanate (DBDI) in PU synthesis as alternative to MDI. DBDI 
features an ethylene linkage between the aromatic isocyanate moieties which permits free 
rotation about the linker, resulting in optimal alignment of the urethane or urea containing 
motifs between polymer chains. In principle this more flexible linkage enhances the ordering 
of the hard segments in linear PUs.47 Indeed, the use of the more flexible diisocyanate (DBDI) 
in covalent and chain-extended PUs (Mn = 60,000-120,000 g mol
-1) has enhanced the ordering 
of the hard segments with appreciable improvement in the mechanical properties relative to 
MDI-derived analogues.46,48–55 
Herein we report the synthesis and properties of a novel series of self-assembled low molecular 
weight (>12,000 g mol-1) and phase separated supramolecular polyurethanes which feature 
DBDI derived hard segments with a view to improving both the thermal and mechanical 
characteristics of supramolecular polymers. The effect of incorporating a flexible ethylene 
linkage into the urethane/urea component of these self-assembling materials is reported and 
evaluated. 
 
Results and Discussion 
In order to understand the role of the diisocyanate-derived hard segment within the self-
assembled polymer network, SPUs 1-4 (Scheme 1 and Table 1) with 4,4’-DBDI residues were 
synthesised by first end-capping the apolar polybutadiene 5 (Krasol LBH 2000, MW = 2020 
gmol-1) mid-block, with DBDI 6 to afford the pre-polymer 7.29,56   
 Scheme 1: Synthesis of Polyurethanes 1-4 with DBDI 6 derived hard segments. 
To allow sole focus on the physical properties arising as a consequence of the hard segment, 
end-groups were selected with predictable contributions to the self-assembly process, thus 
allowing comparison to analogues derived from MDI.26,29,46,57–60 Termination of the pre-
polymer 7 was successfully achieved by addition of either derivatives containing morpholine 
or dibutylamine motifs (8-11) with amino or hydroxyl functionalities, respectively (Table 1). 
The chosen end-groups have previously been reported in structurally similar SPUs containing 
4,4’-MDI derived hard segments. The SPUs reported by Woodward et al.29 were shown to be 
weakly hydrogen bond, or indeed not at all in the case of the dibutylamine motif. Details of the 
materials and methods, as well as full spectroscopic characterisation for the SPUs 1-4 can be 
found in the supporting information. 
Table 1: End group and yields from the synthesis of SPUs 1-4. 
 
To investigate the packing of hard segments between SPU chains containing both DBDI and 
MDI derived hard segments and the efficiency of intermolecular hydrogen bonding, energy 
minimised molecular models (Figure 1) were generated. A single repeat unit of the polyol soft 
segment capped by two DBDI or MDI moieties with terminal methyl units (hard segments) 
was modelled using Cerius2 software and the Dreiding II61 force field. Examination of the 
models reveals the packing within DBDI derived hard segments is more efficient (Figure 1a 
and 1b). Close contacts forming linear hydrogen bonds of lengths 2.3-2.6 Å between the 
hydrogen bond donors (NH of urethane/urea) and the hydrogen bond acceptors (carbonyl 
oxygen) were observed.  These distances are in good agreement with hydrogen bond lengths 
measured in crystals.62,63 The polymers are also observed to be well-ordered in the DBDI 
derived SPU array as demonstrated by examination of the polymer chains, end on. Visually, 
the phenyl rings of the DBDI motifs were rotated into the same plane as a result of the increased 
flexibility of the ethylene linkage. When the MDI derived SPU model was subjected to the 
same constraints, less efficient packing was observed in both the hard and soft segments as 
well as increased hydrogen bonding (NH…O) distances (2.3-2.8 Å) between the polymer chains 
(Figure 1c and 1d). It was also noted that the polymer chains are contracted in length in the 
model of the MDI derived polymers when compared to the DBDI derived analogue, possibly 
related to the packing efficiency of the isocyanate moiety.   
 
Figure 1: To scale, energy minimised molecular models of a DBDI derived oligomer and b chain-end on view of 
the same molecular assembly showing more efficient stacking when compared to analogous MDI derivatives (c 
& d).      
 
Variable temperature FT-IR spectroscopic analysis was conducted on the SPUs 1-4 (Figure 2) 
and revealed a thermo-responsive behaviour similar to structurally related MDI analogues.26,29 
A strong absorbance for both the free (1730 cm-1) and hydrogen-bonded (1710 cm-1) urethane 
groups64 was observed in all SPUs at room temperature, arising from the urethane bonds in the 
pre-polymer in addition to the end-groups in polymers 1 and 2. The ordered hydrogen bonded 
urea band at ca. 1640 cm-1 was observed to be the predominant absorbance within the urea 
vibration modes for polymers 3 and 4 in addition to the hydrogen bonded urethane absorbance. 
The intensity of both the urethane and urea absorbance bands were seen to diminish with 
increased temperature for all SPUs 1-4, as a result of dissociation of the hydrogen bonded 
network. However, after heating to 120 °C, hydrogen bonding was still present above 50 % in 
all cases. This effect may be attributed to the more efficient packing in the hard segments, 
resulting in increased hydrogen bond strength and crystallinity. After approximately 30 
minutes at room temperature, full recovery of the relative percentage of hydrogen bonding was 
observed within the SPUs 1-4 as determined spectroscopically. The recovery of the relative 
percentage of hydrogen bonding over time demonstrates the thermoreversible nature of the 
SPUs and is in good agreement with our previous studies for analogues SPUs previously 
reported by Woodward et al.29 Therefore, it is proposed that the presence of a DBDI derived 
moiety in the SPUs (1-4) improves the efficiency of packing within the polymer network, 
whilst retaining the hydrogen bonding characteristics of the urethane/urea functional groups.  
 Figure 2: a) VT-FTIR spectra (25-120 °C) of DBDI-derived SPUs 1-4 and b) hydrogen bonded urethane and urea 
content for the DBDI SPUs (1-4). 
 
Morphological Analysis 
To assess the crystallinity within the hard segments of the polymers obtained with DBDI (18.0 
wt% of structural components in the polymer which includes the DBDI unit) and compare their 
morphology to that of MDI analogues26,29 (17.4-18.3 wt% hard segment), the SPUs 1-4 were 
probed via SAXS, WAXS and AFM analyses.  
Temperature dependant SAXS experiments (Figure 3) revealed that the DBDI derived linker 
indeed promotes organisation of the hard segments as a result of the ethylene bridging residue’s 
increased rotational freedom. Microphase separation is observed for all SPUs 1-4 as indicated 
by the reflection at 0.047 Å-1 for the morpholine derivatives (2 & 4) and 0.067 Å-1 for the 
corresponding dibutylamine analogues (1 & 3). The domain spacing within the DBDI 
derivatives was thus determined to be ca. 13.2 nm for morpholine derivatives (urethane 2 and 
urea 4 analogues) and ca. 9.0 nm for both dibutylamine derivatives (urethane 1 and urea 3 
analogues). These domain spacings are approximately twice those observed for the MDI 
derived analogues (MDI-dibutylamine = 4.31 nm and 5.12 nm and MDI-morpholine = 5.20 nm 
and 5.70 nm),26,28,29 suggesting that the SPU chains are able to adopt a more extended 
configuration permitted by enhanced stacking of the DBDI units. Interestingly, the SAXS 
profile of SPU 3 possesses two reflections centred at 0.067 Å-1 (9 nm) and 0.11 Å-1 (5.7 nm) 
which is a novel pattern for supramolecular polyurethane-urea systems of this type.26,28,29 The 
second order SAXS peak (q√3) corresponds to hexagonal packing of cylinders within the 
micro-domains as a result of association of the urethane-urea motifs which are allowed to form 
without disruption from the dibutylamine end-groups. These results suggest a higher degree of 
microphase separation compared to analogues materials with MDI hard segments. The thermo-
responsive behaviour of the SPUs 1-4 were investigated by heat/cool cycle between -60 °C and 
70 °C conducted at 5 °C min-1. The temperature response of the microphase separation 
exhibited an analogous trend to systems reported previously.26,29 Upon heating from -60 °C, 
the thermal history of the material was initially removed and an equilibrium reached as 
demonstrated by an increase in the intensity of the SAXS peak at 0.067 Å-1. The intensity of 
the SAXS peak then decreases at ca. 70 °C, indicating the phase mixing of the hard and soft 
segments via disruption of the hydrogen bonding interactions. Upon cooling, the intensity of 
the SAXS peak at 0.067 Å-1 increases once again as a result of the hydrogen bonding network 
being restored. This trend further supports the thermo-responsive properties of the SPUs 1-4 
reported by IR spectroscopy.  
 Figure 3: Variable temperature SAXS analysis of 1-4. The samples were heated at 5 °C min-1 between -60 °C 
(nearest) and 70 °C before cooling to -60 °C (furthest).  
 
WAXS studies were performed to investigate the nanostructure of DBDI segments in the SPUs. 
In principle, the conformation adopted by the DBDI linker should enable ‘crystalline’ like 
micro-domains to form in the bulk as a result of the ordered hydrogen bonding and aromatic 
π-π stacking interactions as indicated in the SAXS profiles of the SPUs (Figure 3). Notably, 
the WAXS profiles (Figure 4) of the DBDI derivative SPUs 1-4 feature several reflections on 
the broad amorphous scattering signal, especially in the case of SPU 2. Notably, the crystalline 
pattern corresponds to a urethane derivative which confirms the ordering potential of the DBDI 
linker. The reflections observed in the WAXS profiles correspond to association of the 
urethane/urea chain ends (4.5-4.7 Å) in the polymer matrix, in excellent agreement with 
structurally related SPUs (4.6-4.7 Å).29,64 Furthermore, the WAXS profiles of SPUs 1-4 all 
exhibit a broad shoulder at ca. 2θ = 20° within the crystalline region. These signals correspond 
to domain spacings of 3.5 Å, which strongly suggests π-π stacking interactions between the 
aromatic motifs within the hydrogen bonding hard segments.26 This result along with the 
absence of these features in structurally related materials29 incorporating MDI further supports 
the hypothesis that the ethylene bridge provides greater rotational freedom allowing more 
efficient packing of the hard segments.  
 Figure 4: Comparison of WAXS profiles for DBDI-based SPUs (1-4). 
 
The thermo-responsive dynamics of the ‘crystalline’ micro-domains was probed by VT-WAXS 
analysis to understand the thermally induced disruption of the hydrogen bonding interactions 
(Figure 5) within the hard segments. In agreement with the VT-SAXS experiments, the VT-
WAXS profiles follow a similar temperature trend and demonstrate the thermoreversibility of 
the ordering within these materials. 
 
Figure 5:  Variable temperature WAXS analysis of SPUs 1-4. The samples were heated at 5 °C min-1 
between -60 °C and 70 °C over three cycles.  
To further analyse the self-assembly of the SPUs 1-4, AFM studies (Figure 6 and Figure S9) 
were carried out to visualize the changes in the morphology attained by the DBDI derived SPUs 
when compared to the MDI-based analogues.26,29 The ordered stacking of the DBDI linkers has 
been observed46 to promote the packing of both urethane and urea moieties. As a result, the 
microphase separation of the DBDI supramolecular derivatives should favour alignment of the 
urea/urethane moieties within fibrillar aggregates. Remarkably, the all-urethane SPUs 1 and 2 
are present as fibres with high aspect ratios (i.e. ca. 100 nm in length and ca. 10 nm in width). 
Increased phase mixing is observed in SPU 1 as a result of the relatively weak hydrogen bonds 
between urethane motifs (5.1 wt% end groups in 1, comprising terminal DBDI unit and the 
covalently bound end-group). In contracts, SPU 2 forms more defined fibre like structures on 
account of association of the morpholine end-group (3.4 wt% end group content) with the 
urethanes of the PU residues. Interestingly, spheres or cylinder like morphologies are observed 
in SPUs 3 and 4. SPU 3 gives rise to defined structures as a result of the relatively strong 
bifurcated hydrogen bonding interactions between urea moieties within the hard segments 
which are not disrupted by the dibutyl terminal-groups (4.2 wt% end group content). In 
comparison, disruption to the hard segment assembly is observed in the morphology of SPU 4 
as a consequence of the morpholine terminal group (3.8 wt% end group content) hydrogen 
bonding to the urethane/urea groups. The resulting disruption in the hydrogen bonding network 
and decreased crystallinity results, however, in the formation of 3D structures as the 
morpholine residues allow interactions between self-assembled arrays. These observations 
from AFM imaging are in good agreement with the SAXS profiles obtained for the SPUs 1-4, 
where features ca. 9-13 nm were observed. Perhaps this is most clearly demonstrated in the 
case of SPU 3 which revealed a reflection at 9 nm which corresponds to the diameter of spheres 
or cylinders (Figure 6 [3]).  
 
 Figure 6: AFM phase micrographs of DBDI based SPUs 1-4.  
 
Rheological Analysis 
To probe the effect of hard segment composition (18.0 wt%) on the mechanical properties of 
the SPUs, rheological analysis was undertaken. The storage modulus (G’) for all DBDI derived 
materials was observed at ca. 107 Pa which is approximately an order of magnitude greater than 
those observed for structurally related polymers containing MDI moieties26,29 with comparable 
molecular weights and polymeric composition. This observation provides strong evidence that 
the efficiency of packing within the hard segment is closely related to the mechanical properties 
of the SPUs. Interestingly, the storage moduli of SPUs 1-4 were approximately an order of 
magnitude greater when compared to supramolecular polymers which self-assemble through 
recognition motifs66,67 which possess association constants which are 104 M-1 larger than those 
reported herein. In addition, the storage moduli of SPUs 1-4 are also comparable to DBDI 
derived linear, high molecular weight PUs previously reported by Prisacariu et al..50,52,53,55 This 
result can be attributed to the decrease of phase mixing of the hard and soft segments within 
the polymer architecture which is known68 to improve the mechanical properties of the 
polymer. The plateau of the viscoelastic region is recorded at a higher modulus when compared 
to analogous SPUs.29 Furthermore, the sharper transition of both the storage and loss moduli at 
high temperature confirms the ‘crystalline’ nature of the micro-domains afforded. This melting 
transition also occurs over a narrow temperature range (ca. 15 °C) for the urethane derivatives 
1 & 2 and ca. 35 °C for the urea derivatives 3 & 4. Both temperature windows are significantly 
more defined than those observed for structurally related MDI analogues (ca. 75 °C).26,29 For 
all SPUs 1-4, the melting transition onset is also observed at a higher temperature (70 °C) when 
compared to MDI analogues (20 °C),26,29 demonstrating a stiffer material at elevated 
temperatures as a result of enhanced packing between the polymer chains. These thermal 
characteristics could be considered an attractive feature for industrial applications with respect 
to materials processing and properties. The temperature difference at which the viscoelastic 
transition occurs as well as the magnitude of the plateau of the storage modulus, are consistent 
with the differences in ordering of the nano-domains produced by the DBDI derived linkers 
and the potential for the enhancement of the mechanical properties. The profile of tan δ (Figure 
7b) also corroborates the presence of a glass transition at higher temperatures (in excess of 80 
°C) which can be assigned to the hard segment phase within the polymer matrix. 
 
Figure 7: a) Thermal dependence of dynamic shear moduli for DBDI derived polymers 1-4. b) plot of tan δ 
versus temperature for DBDI based SPUs 1-4. 
 
Conclusion  
The investigation of the use of diisocyanate DBDI within supramolecular polyurethanes 1-4 
has revealed that packing of the hard segments leads to the improvement of the mechanical 
properties and thermal processing window of these supramolecular polymers when compared 
to analogues with less ordered MDI segments. Moreover, these materials offer comparable 
stiffness to chain-extended and high molecular weight PUs containing DBDI and other 
supramolecular polymers that are assembled through recognition motifs with higher 
association constants. Notably, the ordering effect of the DBDI derivatives led to well-defined 
structures such as fibres, spheres or cylinders, observed by AFM. Interestingly, the SAXS 
profile of 3 revealed two reflections is a novel SAXS pattern for a urethane-based 
supramolecular polymer which is consistent with the presence of well-defined microphase 
separated domains in the AMF images. The domain spacing of the DBDI derivatives (9-13 nm) 
revealed by SAXS, indicates that the DBDI derivatives polymers possess an extended 
configuration. Remarkably, the WAXS profiles showed a ‘crystalline’ like morphology that 
confirms the close packing of the hard segments. Variable temperature SAXS and WAXS 
analysis also demonstrated the thermo-reversibility of the ordering within the SPUs. The 
attractive rheological and thermal properties of the DBDI derived SPUs also provide scope for 
their use in industrial applications as a result of transitions observed in the narrow temperature 
range and higher temperatures. These results, when compared with the MDI derivatives,26,28,29 
show the potential of the employment of DBDI for generating materials with improved 
mechanical properties. 
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